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ABSTRACT

In this paper an analytical method will be presented to
describe the behavior of a piezo eleciric paddle pump. For
that, mechanical and fluidic mechanism are combined in a
one mass oscillator model with fluidic damping. With that
model it is possible to simulaie the complete droplet
ejection process. It is also possible to optimize the shape of
the actuator, the number of nozzles, the location of the
nozzles and the shape of the pump chamber. As a result, the
simulation will be compared with the measurements of a
real droplet generator. Additional design rules for such a
micro pump will be given.
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INTRODUCTION

Droplet generators based on piezoelectric bender actuators
are known since the early 70's {2]). However this technique
will get more attractive this time due to improved piezo
ceramics. Last year a droplet generator developed at the
Lehrstuhl fiir Feingeréiteban was presented to provide a
adjustable amount of atomized liquid i.e. for fuel in a heater
[7]. With such a droplet generator 10 mi/min can be
atomized out of 67 nozzles. At the same time the
dimensions of this pump are 9x15x8 mm?.

FUNCTION PRINCIPLE

The function principle is similar to common piezoelectric
printheads: a piezoelectric element changes the volume of a
pump chamber. This induces the droplet ejection through a
variety of nozzles. In this case a piezoelectric bender
actuator is mounted in small distance to a nozzle plate
inside of a pump chamber filled with the working fluid (see
figure 1 and figure 2).
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Figure 1: Cross-sectional view of a piezoelectric droplet
generator

Following a suitable voltage pulse, the bender (paddle) is
flexed away relatively slowly from the nozzles. The
capillary pressure of the lguid-solid-gas interface in the
nozzies causes 4 fuel flow from the supply system into the
chamber. The fuel-air interface near the outpat port of the
nozzles assumes a concave shape, the so-called meniscus.
The surrounding fluid fills up the gap between bender
actuator and nozzle plate. Then the mechanical tension is
released instantaneously by shorting the electrodes of the
piezo layers. The sudden motion of the paddie towards the
nozzles cauvses the fluid to be squeezed through, resulting in
drop ejection analogous to ink-jet printhead systems (see
figure 2).
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Figure 2: function scheme
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By supplying a multitude of tiny nozzles (nozzle diameter:
50 microns) from a single paddle, a very good performance
as well as cost to performance ratio is achieved. Other
advantages are the insensitivity against air bubbles inside
the pump chamber and the possibility to control the liquid
flow by changing the frequency.

OBJECTIVES

Several questions should be answered by the modeling:

¢ the maximum pressure inside the purap

» the droplet mass and velocity

s location of the nozzle

* several optimized dimensions like the remaining gap
size between paddle and nozzle plate

PIEZOELECTRIC ACTUATOR

In this micro pump a piezo bimorph is used for actuation.
The upper layer is active and laminated as multilayer to
reduce the voltage. The static elevation of the piezo tip can
be caleulated as [1]:
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The elecirical behavior of the actuator can be described as a
capacitance C with an additional loss. The circuit is shown
in the figure below.
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Figure 3: electrical cicuit

Corresponding to the charge curve of the capacitance the
piezo voltage can be calculated as:
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Figure 4: schermatic view of the model

For getting results immediately about tendencies of the
effect of several parameters, an analytical view is preferred.
The most simple way for modeling the droplet generator is
to use an one mass oscillator model. In this model the
actuator is the oscillating mass. Its stiffness is modeled by
the spring as shown in figure 4. The damping comes from
the flnid which is squeezed through the gap between
actuator and nozzle plate and through the nozzles while
oscillating. Due to the small elevation of the piezo bender
compared to the beam length, it can be assumed that the
gap is parallel during osciliation. Another simplification is
the concentric modeling of the pump. One nozzle is placed
in the center of the model. In case other nozzles can be
added on a concentric circle in a certain distance to the
center. The system can be stimulated by applying a length
distortion on the free spring. The electrical feedback from
the piezo ceramic and with that hystereses effects could be
neglected because of the oscillation. The connection
between mechanical and fluid systems comes from the
damping force Fy. The inner damping of the piezo actuator
can be neglecied in comparison to the fluidic force,



Figure 5: names and numbers of the model

With that, the system describing differential equation can
be given as:

mp-h=c-(h—k0+YE)+Fd @)
The system stiffness ¢ can be calculated as

c=2z-£Y -m, 3)

The excitation function Yg(t) follows the piezo-electrical
behavior of the actuator:
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In the gap, a flat laminar flow with 2 parabolic velocity
profile can be assumed. This applies also for the laminar
tube flow in the nozzle. The pressure outside the gap and at
the nozzle exit is equal to the surrounding pressure and can
be set to zero. The damping force F; can be calculated due
to the integration of the pressure along the complete gap
area:
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The gap pressure results from the solution of Navier-Siokes
differential equation in cylindrical coordinates:
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The gap velocity can be calculated with the condition for
continuity in dependence on the nozzle velocity Uy(t) and
the gap height h(t):
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Ug(t,r)= f g 2’;-.]1 L (8)

Under usage of the assumptions of a parabolic velocity
shape the gap velocity can be written as:

2
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Some transformations induces. to the expression for the gap
pressure:
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The pressure above the nozzle entry py(t) can be derived
from Hagen Poisseuille’s equation for the unsteady flow in
a tube:
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In this equation the capillary pressure p(t) is unknown. For
calculating this, a simply interfacial tension model will be
generated. It will be assumed that the shape of the
interfacial between fluid and the surrounding air is always
spherical. The minimum radius is given through the nozzie
radius r,. A further ejection of fluid leads to a semi sphere
followed by a fluid cylinder with the nozzle radins. For the
calculation of the capiliary pressure first of all the liquid
level s, will be determined, after that that the sphere radius
I, can be calculated. The calculation is divided into three
areas:
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For modeling the droplet separation, a siznply criteria will
be defined. Two conditions shall be fulfilled: First, the
liquid level has to be outside of the nozzle tip in a certain
amount. Second, coming from a negative value, a zero
crossing in the nozzle speed should happen. After the
droplet separation, the new liquid leve] is at the nozzle tip.
The liguid movement in the nozzle continues with the sarme
start value as before (see figure 6).
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Figure 6: drop pull off model

Thus, the droplet separation can be modeled as a
discontinuity in the solution of the differential equation
system. The system looses some liquid to a discrete point in
time. This loss in mass induces a changed impulse balance
in the further calculation. Due to, a new start of the
calculation at the time point t, with new boundary
conditions is necessary. These boundary conditions are the
paddie level h(t) the paddie velocity h(t) and the liquid
velocity Up(t) which will be calculated at the time point
before the droplet tear off. With these values and the new
liquid level s,{t,) = 0 a new calculation nm can be started.

W, )=h,., } 1, )= b, )

Uy, )=U,,, ) 5,6, )=0 (14)
With the condition:

=0 as)
the boundary condition:

p,(r.1)=0 16

and-(4), three equations are available, which can be solved
numerical.

RESULTS

The following graphs are showing the calculation results
with the data set given below.

addle radius 250 UM

addle mass 9.55x10” kg

addle stiffness 5.907 N/mm
1. natural bending frequency | 12.5 kHz
max. elevation 12 um
excitation freguency 1 kHz
nozzle diameter 20 um
residual gap 19 um
fluid vigcosity 8 mPa s
fluid surface tension 73 mN/m
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The computation period goes over 3 cycles from 0 s to
0.003 s. The solution is approximated with 10000 steps,
which takes 12 minutes on a Pentium 233 processor.
Figure 7 shows the numerical result of the paddie elevation
in comparison to the measurement of the piezo bending at
the tip of a real system, measured during operation. -
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Figure 7: elevation of the piezo tip versus time




The calculated nozzle velocity Uy(t) is shown in the next
graph:
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Figure 8: nozzle velocity versus time
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Figure 9: fiuid level versus time

In Figure 9 the discontinuity at the time 2.5 ms can be
detected, which comes from the droplet separation at that
point of time.

The calculated drop volume is 2.5 pl, the drop diameter is
17 pm, which is about 15 % smaller than the measured
value.

Figure 10 shows the gap pressure versus time and radius.

CONCLUSION

Simulation and measurement are corresponding quite good.
A calcnlation run goes relatively fast, that allows a
parameter optimization. First resnlts are showing that a
high resonance frequency of the piezo paddle leads to a
good drop pull off because of a high acceleration in the
nozzle. Also high pressure over the nozzle entry is good for
the drop ejection. For that, the gap shouldn’t be 100 small to
keep the damping forces down. Additional 2 minimum size
of the paddle will be expected. On the other hand, a big gap
in the range of 40 um leads to small damping forces. The
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paddle oscillation decays very sIowa, and with that the
shooting frequency slows down.

Next steps will go to a model with a nozzle aray to see the
inference of these.

Figure 10: gap pressure versus time and radius
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